The mechanism of the tetragonal-to-orthorhombic transformation upon Li-intercalation into anatase structured titania has been studied using first principle calculations. The primary mechanism for the formation of the orthorhombic phase is found to be the accommodation of donated charge in localized Ti-d yz orbitals leading to a cooperative Jahn-Teller-like distortion of the lattice. This model is examined further by considering electron addition states in pure anatase and the analogous structures of H 0.5 TiO 2 and Na 0.5 TiO 2 . It is shown that the rigid band model is not valid and population of the degenerate Ti-d xy,yz orbitals occurs beyond a critical concentration due to the repulsive interaction of the localized electrons. It is shown that the stability of the Li 0.5 TiO 2 structure is related to the similarity of the ionic radius of Li ϩ and Ti ϩ3 ions. Optimal configurations of H 0.5 TiO 2 and Na 0.5 TiO 2 are also predicted.
I. INTRODUCTION
Anatase-structured TiO 2 is currently being studied for potential applications in solar cells, Li-rechargeable batteries, electrochromic displays, and hydrogen sensors.
1-5 The flexible electronic structure of the titanium ion allows electrons donated by guest ions to be accommodated while the open structure provides space for the intercalation of cations such as Li ϩ , H ϩ , and possibly Na ϩ . Moreover, titanium dioxide is easily accessible, chemically stable, and cheap; it can also be readily prepared in nanocrystalline form with a high surface area, low density, and low solubility in typical organic electrolytes.
Lithium intercalation into anatase has been studied extensively with a variety of experimental and theoretical techniques. [5] [6] [7] [8] [9] [10] [11] [12] [13] Electrochemical insertion of Li ions at room temperature proceeds through a two-phase equilibrium of a Li-poor ͑tetragonal͒ and a Li-rich ͑orthorhombic͒ phase. The latter has the composition Li 0.5 TiO 2 . 11, 12 The structure of the orthorhombic phase has been clarified in neutron diffraction experiments. 11 The mechanism for the orthorhombic distortion has been discussed in terms of approximate crystal orbital calculations and attributed to the formation of Ti-Ti bonds.
14 A chain of Ti-Ti bonds would be expected to enhance electronic conductivity whereas Li 0.5 TiO 2 has nonmetallic resistivity. 11 Several theoretical studies, mostly HartreeFock calculations, have considered the geometry of Liintercalated anatase but in these studies an orthorhombic distortion of the anatase host was not possible due to constraints imposed on the geometry optimization. [15] [16] [17] In a previous study a model of Li intercalation was developed, on the basis of first principles calculations, which correctly predicts that intercalation proceeds as a two phase insertion process as well as reproducing the observed open circuit voltage profile. 18 The current study concerns the structural properties of the lithium rich phase, Li 0.5 TiO 2 , and the mechanism of the tetragonal-to-orthorhombic phase transformation. An understanding of this mechanism is important if reliable models of the intercalation behavior of anatase are to be developed. Optimal structures of Na-and H-intercalated anatase are also considered. Significant amounts of H ions are known to be present in anatase, however, to our knowledge, the structure of H-intercalated anatase has not been previously reported.
II. DETAILS OF SIMULATIONS
All calculations were performed using the CASTEP code 19, 20 within the pseudopotential plane-wave formalism and spin polarized density functional theory in the generalized gradient approximation. 21 Ultrasoft pseudopotentials were used to replace the Ti (1s,2s,2p) and O(1s) core orbitals. 22 The k-space sampling was performed on a regular grid with a spacing of 0.1 Å
Ϫ1
. A plane wave cutoff energy of 380 eV was found to converge the total energy to 0.01 eV per formula unit. Mechanical equilibrium was achieved by unconstrained relaxation of the ionic positions and the size and shape of a computational unit through conjugategradient minimization of the total energy to an energy tolerance of 0.02 meV, and forces are reduced to 0.05 eV/Å.
Atomic and bond populations are estimated using Mulliken population analysis based on atomic orbitals. The absolute populations are dependent on the orbitals chosen but the changes in the charge distribution are reflected reliably.
III. RESULTS AND DISCUSSION
Anatase TiO 2 adopts the tetragonal I4 1 /amd space group with cell parameters aϭbϭ3.78 Å and cϭ9.51 Å ͑Ref. 24͒ ͑calculated values aϭbϭ3.80 Å and cϭ9.51 Å). The structure consists of distorted TiO 6 octahedra sharing two adjacent edges so that infinite planar double chains are formed ͑Fig. 1͒. In the ab planes every O ion has neighboring Ti ions either in the a or the b directions. The soft modes of the lattice are uncoupled vibrations in the ab plane and c direction. 25 Between the TiO 6 octahedra there are vacant octahedral and tetrahedral sites within which Li ions can be accommodated. It has been established previously that Li insertion proceeds into the octahedral sites. 11, 23 The lower conduction band of anatase consists of Ti(d xy ) orbitals. ͑The Cartesian x, y, and z directions are aligned along the crystallographic a, b, and c directions, respectively.͒ The degenerate Ti(d xz,yz ) are somewhat higher in energy due to local distortions of the TiO 6 octahedra which are in turn due to the edge sharing of the octahedra in the bc and ac planes. The splitting of the t 2g orbitals at the bottom of the conduction band is schematically shown in Fig. 2 together with the density of states ͑DOS͒ for anatase. The valence band lies between Ϫ2.82 eV and Ϫ7.65 eV and is predominantly of O(2p) character while the lower conduction band at Ϫ0.8 eV is made up of Ti(3d) derived states. The computed valence bandwidth of 4.83 eV is comparable to that measured in x-ray photoelectron spectroscopy ͑XPS͒ of 4.75 eV. 29 The band gap of pure anatase is computed to be Ϸ2 eV while the observed value is approximately 3.2 eV. 30 This discrepancy is due to the well known tendency of DFT eigenvalues to underestimate the magnitude of the band gap.
A. The driving mechanism for the orthorhombic distortion
The unit cell of Li 0.5 TiO 2 contains two Li ions that can be distributed over the four available octahedral positions in two symmetry inequivalent ways as illustrated in Fig. 3 , A and B. Full relaxation of both structures has been performed and in each case leads to an orthorhombic distortion of the lattice. The structure with neighboring octahedra filled ͑Fig. 3, A͒ has Pmma symmetry while the structure with the second neighboring octahedra filled ͑Fig. 3, B͒ is of Imm2 symmetry. The total energy difference between the structures is very small ͑0.001 eV per formula unit͒ thus at room temperature a random distribution of Li ions over the octahedral sites is expected. The random distribution of Li ions is also apparent in neutron diffraction data. 11 In what follows the random distribution is mimicked by averaging structural parameters over the A and B structures resulting in a system with orthorhombic Imma symmetry. The computed geometry of Li 0.5 TiO 2 is compared to that deduced from diffraction data in Tables I and II . There is excellent agreement between the computed and measured structures. The orthorhombic Li 0.5 TiO 2 structure is formed from pure anatase by anisotropic expansion in the ab planes ͑by 1% in the a direction and 8% in the b direction͒ and a contraction along the c direction ͑by 5%͒. Within this structure the Li ions reside in off-center positions displaced from the center of the octahedral vacancies by 0.035c along the c direction. In this position Li ions are fivefold coordinated with Li-O distances ranging from 1.97 to 2.05 Å. These values are close to the Li-O distance of 1.996 Å observed in Li 2 O. 26 The orthorhombic distortion of the lattice is due to the strong coupling between the orbital occupancy on the Ti sites and the local deformations of the lattice. Within the ionic model each Li is expected to donate an electron to the lattice. At low insertion concentrations the Li-occupied octahedral site expands in the a and b directions equally as the d xy states of the lower anatase conduction band are populated. In principle these orbitals could accommodate all of the donated electrons up to LiTiO 2 and thus one might expect the Li 0.5 TiO 2 to expand in the ab plane and to retain tetragonal symmetry. However, this ''rigid-band'' picture ignores the localisation of the d orbitals and the resultant strong interactions between the occupied states. The effects of these interactions can best be illustrated by a model calculation in which electrons are added to the anatase unit cell ( Fig. 4 . This strongly suggests that as Li is intercalated into the lattice a critical concentration will be reached at which the degenerate d xz,yz orbitals are populated.
The population analysis of Li 0.5 TiO 2 indicates that each Li ion donates 0.86 ͉e͉ to the lattice ͑equivalent to 1.7 ͉e͉ per anatase unit cell͒ and the system spontaneously distorts to the orthorhombic structure. As a result of the distortion the degeneracy of the d xz and d yz orbitals is lifted as shown in Fig. 2͑c͒ . The splittings at the bottom of the conduction band described above are specific to the anatase structure. In rutile the local symmetry of the Ti sites is different and orthorhombic distortion does not occur upon Li intercalation. In rutile the TiO 6 octahedra share edges in the c direction and corners in the ab planes. The distortion of the TiO 6 octahedra induced by such packing lifts the degeneracy of d xz,yz orbitals in pure rutile. The bottom of the conduction band of rutile consist of d yz orbitals which are populated upon Li intercalation.
The role of the distortion can be analyzed by comparing the DOS of the anatase host, the relaxed orthorhombic structure and an hypothetical tetragonal structure, which are displayed in Fig. 2 . The latter structure was generated by relaxing lithiated anatase at a Li to Ti ratio of 1/2 under the constraint of tetragonal symmetry. In the tetragonal structure donated charge is accommodated by the d xy,xz,yz states at the bottom of the conduction band, resulting in a metallic ground state with a high DOS at the Fermi level. The major effect of orthorhombic distortion is to split these states and reduce the DOS at the Fermi level. Thus the distortion can be considered as a Peierls, or a cooperative Jahn-Teller-like, distortion of the lattice. In the fully relaxed orthorhombic structure the occupied orbitals are almost purely d yz in character. These states split slightly from the conduction band and form gap states at 1.74 eV above the valence band edge with a width 
B. Limitations of the extent of the orthorhombic distortion
The orthorhombic distortion increases the Ti-O distances along b from 1.93 Å to 2.02 Å, which is typical of the Ti ϩ3 -O distances observed in Ti 2 O 3 ͑2.02 Å͒. 27, 28 In the a direction the Ti-O distance increases very slightly from The large expansion of the lattice in the b direction is accompanied by a contraction along c. It is important to note that this contraction is not due to a change in the ''height'' of the octahedra along c ͑which actually increases slightly͒ but due to a change in their packing. From the point of view of a layer of octahedra in an ab plane, their expansion allows the layer above to penetrate more deeply. This results in Ti ions adopting off-center positions within the octahedra with Ti-O distances of 2.15 and 1.94 Å along c. The average of these distances is 2.06 Å which is a typical bond length for Ti ϩ3 ions in the Ti 2 O 3 structure. These asymmetric distortions of the TiO 6 octahedra are reminiscent of the displacements involved in the excitation of the 4 and 9 vibrational modes at 399 and 507 cm Ϫ1 . 25 These modes have relatively high frequencies but are the softest modes which involve displacements in the c direction and are thus natural distortions of the lattice as it accommodates the contraction of c.
The overall distortion of the structure induces Ti-Ti close contacts of 2.82 Å. The contacts form zigzag ''bonded'' chains within edge-sharing octahedra exclusively along the b axis. The Ti-Ti contacts are depicted as bonds in Fig. 3 . As noted above, the formation of such Ti-Ti bonds has been suggested as a mechanism for the orthorhombic distortion. 11, 14 However, Mulliken analysis of the charge density indicates that there is no significant population of the Ti-Ti close contacts. The Ti-Ti bonding hypothesis can be examined further by considering the behavior of the hypothetical tetragonal structure ͑Table I, structure C͒. In this structure close Ti-Ti contacts of 2.91 Å occur and, as in the orthorhombic structure, there is a strong contraction in the c direction. It is clear that the Ti-Ti contacts are induced by the deformations upon Li intercalation and are not a primary cause of the orthorhombic distortion.
There are small changes in the valence bandwidth on Li insertion ͑Fig. 2͒. More significant changes occur in the semicore level peaks which may be observable in XPS measurements. The Ti(3s) and Ti(3p) peaks split by 0.1 and 0.13 eV, respectively, and the bandwidth of the O(2s) band increases from 1.97 eV to 2.35 eV. These changes reflect the induced structural inequality of the ions and the inhomogeneous distribution of the charge donated by the Li ions.
C. Intercalation of hydrogen and sodium ions
It has been noted above that the similar size of the Li ϩ and Ti ϩ3 ions plays an important role in the accommodation of lithium ions by the lattice. In order to investigate the influence of the size of the cation on the structure of intercalated anatase additional calculations were performed in which the Li ions were replaced by Na and H ions, and the structure fully relaxed. The resultant optimal configurations of Na 0.5 TiO 2 and H 0.5 TiO 2 are shown in Figs. 5 and 6, respectively. The calculated cell parameters of the Na 0.5 TiO 2 and H 0.5 TiO 2 structures are compared to those of Li 0.5 TiO 2 in Table I . It is clear that the deformations of the anatase host depend strongly on which cation is intercalated.
To form the layered Na 0.5 TiO 2 structure from the Li 0.5 TiO 2 structure major distortions of the lattice are required. The c-lattice constant increases by 42% leading to TiO 2 layers along the c direction that are offset in the a direction relative to the analogous layers in the lithiated structure. Between these layers there are only two available octahedral sites and these are fully occupied by Na ions. The Na ions in these positions adopt sixfold coordination to O ions in strongly distorted octahedra. Constrained optimization of the Na structure, in which it is forced to retain the orthorhombic symmetry of the lithiated structure, results in Ti-O bond lengths of 2.1 Å along the b axis, which are significantly longer than those observed in typical Ti ϩ3 -O structures ͑2.02 Å͒. It appears that the larger Na ion cannot be accommodated in an anatase-type structure. The transformation to the layered structure allows Ti-O distances in the a and b directions to be preserved.
H 0.5 TiO 2 is stable in the orthorhombic lithiated structure but significant differences in the local geometry occur. The H ion does not sit in the center of an octahedron but forms an hydroxyl group with a bond length of 0.98 Å. Each O-H bond is oriented parallel to a Ti-O bond along either the a or b directions ͑Fig. 6͒. While Li and Na ions transfer most of their valence electron density to the lattice ͑86% and 95%, respectively͒ the more electronegative H ions donate only 32%. Of this charge 35% is localized on the O ions forming a chemical bond with the H ions and 65% is transferred to the neighboring Ti ions. These O ions have a charge of Ϫ0.78͉e͉ whereas O ions receiving charge on Li and Na insertion have a charge of Ϫ0.72͉e͉. The formation of an hydroxyl group is reflected in the DOS as a splitting at the bottom of the valence O-2s and O-2p bands as shown in Fig. 7 . The DOS at the Fermi level for both H 0.5 TiO 2 and Na 0.5 TiO 2 is reduced due to the structural deformations discussed above. Despite the difference in the local geometry of the intercalation site the overall orthorhombic distortion of the lattice is similar to that observed in the lithiated structure. This is entirely consistent with the mechanism for the orthorhombic distortion discussed above. The distortion is due to the accomodation of donated charge by the Ti ions and is thus independent of the local interactions between intercalated cations and of Ti-Ti bond formation. H 0.5 TiO 2 hardly contracts in the c direction. This appears to be due to the change of the nature of the O ions forming the O-H bonds which are only weakly bonded to the rest of the lattice. In a metastable structure containing O-H groups constrained to be parallel to the c direction this effect is much less pronounced and the structure contacts strongly along the c direction ͑Table I, structure E͒.
IV. CONCLUSIONS
The mechanism for the tetragonal-to-orthorhombic transformation upon Li intercalation into anatase TiO 2 has been studied using first principles calculations. It has been demonstrated that the rigid band model does not give a correct picture of the localization of electron density donated on Li intercalation. The formation of the orthorhombic phase is due to the accommodation of donated charge in localized Ti-d orbitals with the occupation of degenerate orbitals above a critical intercalation concentration resulting in a cooperative Jahn-Teller-like distortion of the lattice. It has also been shown that stability of the Li 0.5 TiO 2 depends on the similarity of the ionic radius of Li ϩ and Ti ϩ3 ions. An analogous Na-intercalated anatase structure is unstable with respect to a layered geometry while the H-intercalated structure has significant differences in the geometry of the intercalation site. Structures for H 0.5 TiO 2 and Na 0.5 TiO 2 are predicted. 
